Objectives: Escherichia coli producing CTX-M-type extended-spectrum b-lactamases (ESBLs) are spreading worldwide. The aim of this work was to investigate the addiction systems carried by the replicons involved in the emergence and spread of ESBLs in relation to ESBL and replicon types.
Introduction
Extended-spectrum b-lactamases (ESBLs) were first reported in 1985. The earliest ESBLs, TEM-1, TEM-2 and SHV-1 derivatives, were detected mostly in hospital-acquired pathogens. 1 However, recently, CTX-M enzymes have taken over as the main ESBL type, particularly in both hospital and community Escherichia coli strains.
2 CTX-M-15 is now the most widely distributed CTX-M enzyme. Clonal outbreaks of CTX-M-15-producing E. coli have been reported worldwide with the intercontinental emergence of a highly virulent E. coli clone. 3 -5 The factors contributing to their successful dissemination remain unclear. It has been proposed that the strain virulence background and the association with IncF plasmids (bearing bla CTX-M-15 ), which are well adapted to E. coli, could be involved in part in this dissemination process. 6, 7 Some plasmids encoding CTX-M-15 were characterized in Canada and recently in the UK. 8, 9 In these plasmids, addiction systems such as toxin-antitoxin modules (pemK-pemI, hok-sok or ccdA-ccdB) have been described, probably contributing to plasmid maintenance in their host. 8, 9 To better understand the success of CTX-M, and particularly of CTX-M-15, we characterized the plasmid addiction systems in a collection of 125 ESBL-producing E. coli parental and recipient strains.
Materials and methods

Bacterial strains
A previously published collection of 125 ESBL-producing E. coli was studied. 10 10 The collection included 54 strains that produced a TEM-type ESBL (TEM-3,  TEM-10, TEM-21, TEM-24 and TEM-52) , 21 strains that produced a SHV-type ESBL (SHV-2, SHV-4, SHV-5 and SHV-12) and 50 strains that produced a CTX-M-type ESBL (CTX-M-1, CTX-M-2, CTX-M-3, CTX-M-9, CTX-M-14 and CTX-M-15). The plasmid incompatibility groups had been characterized previously by PCR-based replicon typing of the parental strains and of transconjugants or transformants. 7 Sixty-seven percent of TEM ESBLs were carried on IncA/C plasmids, whereas the great majority of CTX-M-14 and CTX-M-15 were carried by IncF plasmids. 7 Strain chromosomal background determination PFGE and multilocus sequence typing (MLST) using the scheme of the Institut Pasteur, Paris, France (www.pasteur.fr/mlst) were performed for a subset of strains. 3, 6, 11 O typing was performed using a PCR-based approach. 6 Plasmid addiction system determination For each column, each isolate was given a binary code: present¼1; and absent¼0. 
Statistical analysis
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The number of each addiction system was compared between ESBL and replicon types using non-parametric tests, Pearson's x 2 or Fisher's exact test when appropriate. In order to determine the frequency of addiction systems within subpopulations, a mean score was created by dividing the number of addiction systems by the total number of bacterial strains (for ESBL type) or replicons (for replicon type). Ratios were then compared between types using a Wald x 2 statistic generated from a logistic regression model. P,0.05 was considered significant. All statistics were performed using STATA v. 9.2 (StataCorp, College Station, TX, USA).
Results and discussion
Analysis of plasmid addiction systems in parental strains
In total, 298 plasmid addiction systems were detected in the parental strains (mean 2.38, range 0 -6 per strain). If various addiction systems were found in all strains, pemKI, ccdAB, vagCD, hok-sok and srnBC were the most frequently represented systems. Strains producing CTX-M ESBLs possess more addiction systems than those producing TEM ESBLs (mean of 3 versus 1.67, respectively, P¼ 0.01) [ Table S2 , available as Supplementary data at JAC Online (http://jac.oxfordjournals.org/)]. Significant differences were found for: (i) pemKI, between CTX-M and TEM producers (P,0.001); (ii) ccdAB, between CTX-M and TEM or SHV producers (P ≤0.005); (iii) hok-sok, between CTX-M and TEM producers (P,0.001); and (iv) srnBC, between CTX-M and TEM producers (P,0.001) and between SHV and TEM producers (P ¼ 0.002). Curiously, although present in large numbers, there is no significant difference between different ESBL types for the vagCD system (Table S2 ).
Global analysis of plasmid addiction systems in recipient strains
In total, 86 plasmid addiction systems were detected in plasmids encoding ESBLs (mean 0.69, range 0-5 per recipient strain). The most frequently represented systems were pemKI, ccdAB, vagCD and hok-sok, as in the parental strains, and pndAC ( Table 1 ). The plasmids bearing CTX-M and SHV ESBLs had more addiction systems in comparison with the plasmids encoding TEM ESBLs (mean of 1.08 and 0.81 addiction systems per strain, respectively, versus 0.28; P,0.001 and P ¼0.015, respectively) ( Table 1 ), in agreement with the richness in addiction systems of CTX-M-and SHV-producing parental strains (Table S2 ). 
Relationships between plasmid addiction systems, ESBL types and replicon types of the ESBL plasmids
To assess relationships between the ESBL variants, the replicon types of the plasmids encoding the ESBLs and the plasmid addiction systems, a FAC was conducted (Figure 1 ). This computational method determines a plane defined by two principal axes of the analysis; the first axis (F1) accounts for most of the variance and the second axis (F2), orthogonal to F1, accounts for the largest part of the variance that is not accounted for by F1. It thus allows visualization of variable clustering. On the plane F1/F2, which accounted for 28.71% of the total variance, two groups of variables (srnBC, ccdAB, hok-sok and CTX-M-9 and F, pemKI, relBE and CTX-M-15) were projected on the positive values of the F1 axis, whereas the variables TEM-52, I1 and pndAC were projected on the negative values of the F2 axis. First, as shown in Figure 1 , the CTX-M plasmids were significantly associated with the pemKI, ccdAB and hok-sok systems (Table 1) . In these plasmids, 80% of the addiction systems (44/54) were encoded by the CTX-M-15 and CTX-M-9 plasmids with significant differences between CTX-M-9 and CTX-M-14 (P ¼ 0.0103) and between CTX-M-15 and CTX-M-14 (P¼ 0.003) ( Table 1) . Only five addiction systems (one pemKI and four pndAC) were found among the 17 plasmids encoding 'old' CTX-M enzymes, such as CTX-M-1, CTX-M-2 and CTX-M-3. These results contrast with the parental CTX-M-producing strains where the various addiction systems were found without significant differences between the different subtypes (Table S2) . Similarly, within TEM ESBL plasmids, the pndAC locus was only detected in all seven TEM-52 plasmids (Table 1 and Figure 1) .
Second, when the type of replicon was considered [ Table S3 , available as Supplementary data at JAC Online (http://jac. oxfordjournals.org/)], the frequency of addiction systems was highest in IncF plasmids, as also shown in Figure 1 . These results are not surprising, because most of the addiction systems detected in this study (pemKI, hok-sok and ccdAB) were previously characterized in IncF replicons. The VagCD system, which was reported on Salmonella virulence plasmids and is involved in their maintenance, is surprisingly abundant in CTX-M-9 and CTX-M-15. 15, 16 The vagCD module was also Mnif et al.
associated with the IncI1 replicons bearing the TEM-52 ESBL, whereas the pndAC module was associated with all IncI1 replicons (Table S3 and Figure 1) . The difference in repartition of these two modules could be linked to the origin of the IncI1 replicon bearing TEM-52, which has previously successfully disseminated in various Salmonella enterica serovars. 17 IncA/C plasmids, which carried 67% of the TEM ESBLs, were mostly devoid of addiction systems.
Small-scale analysis of the IncF replicons bearing CTX-M
We then performed a fine analysis of strains with IncF plasmids bearing CTX-M genes ( Table 2 ) to see whether particular CTX-M types were associated with a specific plasmid backbone defined by replicon type and addiction system content. CTX-M-15 was preferentially associated with the FIA replicon, CTX-M-14 with FII and CTX-M-9 with FIB. Moreover, it seems obvious that the content of addiction systems differs by type of replicon; VagCD and Hok -Sok systems are present in FIA and FIB replicons but absent in FII, and PemK is associated with FIA replicons. Strain chromosomal backbone analysis by MLST, O typing and PFGE clearly indicated that the same plasmid can be found in different strains ( Table 2 ). All together, these data suggest a unique arrival of a CTX-M type on a resident IncF replicon bearing a specific combination of addiction modules, followed by dissemination in multiple hosts associated with some level of plasmid gene content plasticity. Complete sequencing of these plasmids will be useful to confirm this hypothesis.
As suggested by Pecota et al., 18 our data indicate that the combination of multiple addiction systems in IncF plasmids carrying CTX-M-15 and CTX-M-9 participate with their maintenance in the host and their spread in the E. coli population. It could be interesting to study the addiction systems carried by plasmids encoding successful enzymes such as CTX-M-10 in Spain or CTX-M-14 in Asia.
